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Abstract 22 
Permafrost is widely present throughout the Northern Hemisphere high latitudes, and 23 
stores large amounts of carbon in the form of frozen soil organic matter. The response 24 
of permafrost regions to anthropogenic climate change remains uncertain, in part 25 
because of a lack of information on their response to past changes in global climate. 26 
Here we test the use of stalagmites from two caves in Siberia as a novel, precisely dated, 27 
and highly localised archive of past permafrost carbon cycle dynamics. Stalagmite 28 
growth at these sites is controlled by the presence/absence of permafrost above the cave 29 
over glacial-interglacial time scales. We target the transition layer between two 30 
subsequent growth phases (interglacials) and the interval directly following growth 31 
resumption after the last glacial in three stalagmites, as this is where a geochemical 32 
imprint of thaw-related processes in the frozen zone between surface and cave would 33 
be recorded. We apply a multi-proxy approach including carbon isotopes (δ13C and 14C) 34 
and trace element concentrations, combined with petrographic analyses and high-35 
resolution U-Th chronology. Our dataset indicates complex growth patterns and 36 
possible intervals of microbial colonisation of the stalagmite surface in the transition 37 
layers. High-resolution U-Th ages confirm that the transition layer is not a single, long 38 
growth hiatus, but rather a period of extremely slow or episodic growth phases, possibly 39 
during “skipped” interglacials. However, we find no conclusive evidence for a 40 
geochemical signature related to permafrost degradation and related local carbon cycle 41 
dynamics, which might be related to insufficient sensitivity of the archive for high-42 
frequency processes and/or insufficient measurement resolution.  43 
 44 
1. Introduction 45 
Permafrost deposits cover over 20% of the Northern Hemisphere land surface and 46 
contain more than twice as much carbon as the pre-industrial atmosphere (Hugelius et 47 
al., 2014). The fate of this large reservoir of carbon under anthropogenic climate change 48 
remains uncertain (Schuur et al., 2015) and its non-linear responses might significantly 49 
impact calculated emission budgets (Gasser et al., 2019, 2018). Rising global 50 
temperatures could lead to widespread permafrost destabilisation and thawing, 51 
releasing carbon to the atmosphere and leading to a positive feedback in the climate 52 
system (Biskaborn et al., 2019; Comyn-Platt et al., 2018a, 2018b; Grosse et al., 2011). 53 
On the other hand, thawed permafrost terranes could also act as carbon sinks, e.g., 54 
through carbon accumulation in thermokarst lakes (Walter Anthony et al., 2014). Much 55 
of the uncertainty in the response of permafrost regions to climate warming stems from 56 
their spatial heterogeneities (Hjort et al., 2018; Hugelius et al., 2014), regional 57 
differences in the lability of soil organic matter (Kuhry et al., 2019), highly localised 58 
thawing processes (Walter Anthony et al., 2018), and relatively slow response relative 59 
to observational timescales. Reconstruction of past periods of permafrost thawing 60 
might help address these uncertainties, but little is known about permafrost stability 61 
and the fate of carbon in these systems in the past. Marine records from (sub-)polar 62 
regions provide information on permafrost stability and carbon fluxes on supra-regional 63 
scale (Tesi et al., 2016; Winterfeld et al., 2018), but cannot resolve local and continental 64 
processes. Basal radiocarbon (14C) dates from peat and thermokarst lake basins can be 65 
useful to reconstruct local carbon cycle dynamics after permafrost degradation (Jones 66 
and Yu, 2010; Walter Anthony et al., 2014), but are limited in their temporal resolution 67 
and in their chronology.  68 
Stalagmites from caves in permafrost regions could provide a novel archive of past 69 
local carbon cycle dynamics. They have the significant advantage of being amenable 70 
to high-precision dating with the U-Th method (Hellstrom, 2006; Richards and Dorale, 71 
2003; van Calsteren and Thomas, 2006), and could provide high-resolution 72 
reconstructions of subsurface permafrost dynamics. Stalagmite growth is controlled by 73 
the availability of liquid water percolating through the soil, epikarst, and limestone 74 
massif. In permafrost regions, this means that stalagmite growth is only possible when 75 
the surface and rock above the cave are free of permafrost and cave air temperature is 76 
>0°C. In these environments, growth/no growth can be interpreted as a first-order 77 
response to climate forcing (Atkinson et al., 1978; Vaks et al., 2013; Wilcox et al., 78 
2019). Dating stalagmite growth periods therefore can allow reconstruction of 79 
permafrost occurrence and the delay in the response of deep permafrost degradation to 80 
surface warming. 81 
While in the majority of cases stalagmite growth is a primarily abiotic process, a 82 
growing body of research has shown evidence for microbial influence on carbonate 83 
precipitation in caves (Frisia et al., 2012; Jones, 2011; Pacton et al., 2013; Tisato et al., 84 
2015). Biomediation of carbonate precipitation provides an alternative growth 85 
mechanism that is potentially decoupled from local hydrological conditions, and 86 
typically leads to specific morphologic, petrographic, and geochemical features in the 87 
deposited stalagmites (Frisia, 2015; Pacton et al., 2013; Tisato et al., 2015).  88 
The potential of stalagmite geochemical proxies as tracers for permafrost carbon cycle 89 
processes remains largely untested. Carbon isotopes, i.e., stable carbon isotope ratios 90 
(δ13C) and radiocarbon (14C), could hold information about changes in the surface 91 
carbon cycle and provide a diagnostic fingerprint of permafrost degradation. A 92 
disproportionately large input from rapidly degrading stored soil organic matter during 93 
and after thawing would lead to a shift in δ13C towards more negative values in the 94 
percolating dripwater, due to fractionation from biological fixation in plants. At the 95 
same time, 14C values of the carbon released from organic matter stored over extended 96 
periods would be lower due to previous 14C decay. It remains unclear however, the 97 
extent to which such near-surface carbon cycle perturbations will be reflected in 98 
stalagmites, because complex processes related to carbonate dissolution/precipitation 99 
and karst hydrology (Bajo et al., 2017; Bergel et al., 2017; Columbu et al., 2019; Genty 100 
et al., 2001; Griffiths et al., 2012; Mühlinghaus et al., 2007) could mask the original 101 
isotopic signature derived from degrading permafrost. Trace elements, especially those 102 
involved in the transport of organic matter through formation of organo-metal 103 
complexes, are another potentially sensitive proxy for permafrost degradation 104 
processes and local carbon cycle dynamics. Elements such as P, Mn, Cu, Zn, Pb, and 105 
U are well-established as proxies for surface productivity and soil activity (Borsato et 106 
al., 2007; Frisia et al., 2012; Hartland et al., 2012; Rutlidge et al., 2014), but have yet 107 
to be tested in a permafrost setting. Important questions that need to be resolved to 108 
confidently apply stalagmites for the reconstruction of permafrost carbon cycle 109 
dynamics include constraining the complexities of permafrost formation and 110 
destruction in karst settings (Žák et al., 2012), as well as understanding the role of deep 111 
permafrost for overall carbon release upon thawing (Schuur et al., 2015).  112 
 113 
Here we use samples from two caves in the Siberian permafrost region to investigate 114 
the suitability of stalagmites as archives for high-frequency environmental changes 115 
related to permafrost thawing. Stalagmites from these caves have grown intermittently 116 
during interglacial periods of at least the last 500 thousand years (ka), when permafrost 117 
above the caves was absent (Vaks et al., 2013). Using a multi-proxy geochemical 118 
approach and petrographic analysis, we test whether signatures of degrading permafrost 119 
were recorded by the stalagmites during or immediately following growth resumption 120 
after the last deglaciation (~10 ka BP, where BP stands for ‘before present’ referring to 121 
1950 CE). More generally, we also assess what information might be gained from high-122 
resolution measurements across stalagmite growth hiatuses. 123 
 124 
2. Study sites and samples 125 
Okhotnichya Cave (N52°07’41”, E105°29’11”, 700 m above sea level, a.s.l.) is located 126 
about 83 km E-SE from the city of Irkutsk in southern Siberia and is in a region at 127 
present covered by sporadic patches of permafrost (Fig. 1). The cave developed in 128 
Cambrian stromatolithic limestone with basaltic dyke intrusions, and is covered by 129 
mixed deciduous and conifer forest. A large, steeply descending entrance hall leads to 130 
several systems of passages with average depths of 20–30 m below surface, with 131 
individual passages up to 25 m high (Bazarova et al., 2014; Vaks et al., 2013). Water 132 
seepage and actively growing speleothems can be found throughout the cave. Cave 133 
temperatures are seasonally constant, varying spatially in the large cave complex from 134 
0 to 1°C, while outside air temperatures vary between seasonal extremes of +34°C and 135 
-38°C (three-year mean surface air temperature: -0.2°C; Vaks et al., 2013). 136 
Botovskaya Cave (55°17’59”N, 105°19’46”E, 750 m a.s.l.) is the longest cave system 137 
in Russia (>69.5 km of explored passages to date). The cave is presently covered by 138 
sporadic permafrost less than 100 m thick (Fig. 1). Botovskaya Cave developed in 139 
Ordovician quartz-bearing limestone, bracketed by carbonate-rich sandstones, and is 140 
covered by sub-boreal taiga forest. The cave passages are located 40–130 m below the 141 
surface, and developed as a near-horizontal crisscross maze of tectonic fissures 142 
(Filippov, 2000). Active speleothem growth is today only found in the eastern parts of 143 
the cave. Cave air temperatures vary between 0°C and 1.9°C, compared to outside 144 
temperature averages of -28°C in January and +18°C in July (Vaks et al., 2013).  145 
The boreal climate at both sites is characterized by annual precipitation of 400-500 146 
mm/year and a positive water balance, thus speleothem growth is not limited by aridity. 147 
In both caves, speleothem growth during the last 500 ka is controlled by the occurrence 148 
of permafrost above the cave, with growth phases coinciding with permafrost-free 149 
interglacial conditions and growth interruptions during glacials (Vaks et al., 2013). The 150 
timing of growth phases established by Vaks et al. (2013) was modelled in that study 151 
by extrapolating the range of individual U-Th ages to take into account the distance of 152 
the samples from the hiatuses, and temporal averaging from sampling. While localised 153 
conditions will have an influence on the timing of growth in a single stalagmite, similar 154 
growth boundaries in several speleothems will yield information on the regional climate 155 
control on permafrost presence/absence. Thus, for the Holocene and Marine Isotope 156 
Stage 5.5 (MIS 5.5), growth boundaries of different speleothems were assumed to be 157 
the same age, if corresponding U-Th ages were within 2 sigma error of each other (Vaks 158 
et al., 2013). For older growth phases, no modelling was performed, but the notion that 159 
similar ages in different stalagmites reflect regional climate conditions still holds true.  160 
 161 
 162 
Fig 1: Map of the study region indicating occurrence of permafrost and the cave sites. 163 
Permafrost data is from the geocryological map of Russia and neighbouring republics 164 
(Williams and Warren, 1999; Yershov, 1991). The map was compiled using ESRI 165 
ArcGIS. 166 
 167 
For this study, we selected three stalagmites previously U-Th dated by Vaks et al. 168 
(2013). All three stalagmites were actively growing when collected.  169 
 Stalagmite SOP-20 was collected from the deep part of Okhotnichya Cave ( 170 
200 m from the entrance) in 2008. It is a relatively large stalagmite (~30 cm 171 
wide, 20 cm tall), and U-Th dating identified three main growth phases: the base 172 
of the stalagmite is beyond the dating limit of the U-Th method (>550 ka BP), 173 
followed by a growth interval ending at 377±7 ka BP (end of MIS 11). The final 174 
growth interval covers the Holocene with an OxCal modelled growth start at 175 
9.99 ka BP and ending at present (Vaks et al., 2013). The growth intervals are 176 
composed of dense brown calcite in the older phases and white calcite in the 177 
Holocene. Clearly visible, brown-reddish layers, up to 2 mm in thickness, 178 
demarcate the hiatus in growth between MIS 11 and Holocene (Figs. 2, 3).  179 
 SOP-18 is a drill core taken from a stalagmite from Okhotnichya Cave in 2010, 180 
located close to SOP-20. The core is about 2 cm wide and 5 cm long, and covers 181 
the Holocene portion of the stalagmite (OxCal modelled growth between 9.99 182 
ka BP and present; Vaks et al., 2013), and part of the previous interval, which 183 
as in SOP-20 coincides with the end of MIS 11 (346±9 ka BP). The stalagmite 184 
is very similar to SOP-20 in mineralogy and colouring, and the transition 185 
between the two growth phases is again clearly visible as a mm-thick brown-186 
reddish layer (Figs. 2, 4). 187 
 Stalagmite SB-pk7497 was collected from the deepest, easternmost passages of 188 
Botovskaya Cave in 2010. The stalagmite is about 20 cm tall and 4 cm wide, 189 
and composed of aragonite. Two growth phases can be discerned, separated by 190 
a mm-thick brown transition layer. The top part of the stalagmite grew during 191 
the Holocene (OxCal modelled growth between 9.99 ka BP and present; Vaks 192 
et al., 2013), while the lower part grew during the last interglacial (122.71±0.64 193 
– 118.83±0.52 ka BP) (Figs. 2, 5).  194 
 195 
3. Methods 196 
3.1. Sampling strategy 197 
The stalagmites were available as cut slabs of the original samples. For petrographic 198 
analysis, thin sections were examined using a Nikon Labophot petrological microscope 199 
(Department of Earth Sciences, University of Oxford). Fluorescence microscopy was 200 
carried out on an Olympus FV3000 confocal microscope (Micron imaging facility, 201 
University of Oxford).  202 
Samples for geochemical analysis were incrementally milled at 200 μm resolution over 203 
the interval between the two most recent growth phases, including the transition layers. 204 
Milling was carried out on a New-Wave/Mercantek micromill following a trench (5–205 
10 mm wide, depending on the stalagmite) with a lateral cut drilled along the length of 206 
the trench prior to sampling (Fig. 6). This reduces sampling bias as incorporation of 207 
unsampled corners of the trench into subsequent samples is reduced. Moreover, 0.1 mm 208 
of sample were removed from the surface and discarded to minimise contamination. 209 
The sampling resolution was defined to be high enough to allow for the detection of 210 
meaningful geochemical trends in this very short growth interval, but also to yield 211 
enough material for all analyses to be performed on the same aliquot of powder, 212 
minimising sampling bias from resampled trenches. Sampling trenches were milled 213 
from old to young material for SOP-20 and SOP-18, and from young to old for SB-214 
pk7497. Milled carbonate powders were collected in acid-washed plastic tubes and 215 
stored before analysis.  216 
 217 
3.2. Stable isotopes and trace elements 218 
Stable carbon and oxygen isotope ratios (δ13C and δ18O) were measured on sample 219 
aliquots (~50 μg CaCO3) on a Delta V Advance isotope ratio mass spectrometer (IRMS) 220 
fitted with a Kiel IV carbonate device at the Department of Earth Sciences, University 221 
of Oxford, following the method described in Day and Henderson (2011). Stable 222 
isotope ratios are expressed in per mil (‰) relative to the international Vienna Pee Dee 223 
Belemnite (VPDB) standard, and the external error is assessed through repeated 224 
measurements of the standards NBS-18 and NBS-19 (1σ uncertainty 0.02‰ for δ13C 225 
and 0.05‰ δ18O). 226 
 227 
Trace element concentrations (Mg, P, Mn, Co, Ni, Cu, Zn, Sr, Cd, Ba, Pb, Th, U) were 228 
measured on a second aliquot of each powder (~50 μg CaCO3) using a Nexion 350D 229 
quadrupole ICP-MS at the Department of Earth Sciences, University of Oxford. 230 
Samples were dissolved in 2% HNO3 and analysed at 1 ppm Ca, concentration matched 231 
to within 10%. The ICP-MS was coupled with an ESI prepFAST autodiluter 232 
autosampler, which automated the preparation of each calibration standard and internal 233 
standard addition. Elemental concentrations were calculated by linear regression from 234 
the calibration curves where the correlation coefficients were required to be greater than 235 
0.999. The elements Rh and In were used as internal standards and quality control 236 
standards were measured as dilutions from a separate standard stock (produced by 237 
CPAchem Ltd. and distributed by Qmx Laboratories). The measurement uncertainty 238 
was quantified using a secondary standard interspersed repeatedly during sample 239 
analysis (reported as 2 standard deviations).  240 
 241 
 242 
Fig 2: Stalagmites used in this study (SOP-20: cut piece of the stalagmite, SOP-18: drill 243 
core from the stalagmite top, SB-pk7497). Growth interruptions (transition layers) are 244 
marked by dashed lines, and the time elapsed between the main growth phases is 245 
indicated (as resulting from U-Th dating by Vaks et al., 2013). 246 
 247 
3.3. U-Th dating 248 
To pinpoint the exact location of the growth interruption in stalagmite SOP-20, aliquots 249 
from eight of the milled high-resolution samples were used for U-Th dating. To obtain 250 
enough material for analysis, a second track was milled next to the first one, and U 251 
concentrations were measured by ICP-MS so that patterns could be matched with those 252 
from the first track to correct for any depth bias (Supplementary table 1).  253 
The samples were spiked with a mixed 229Th-236U spike, dissolved in concentrated HCl 254 
and refluxed on a hotplate overnight, before proceeding to U and Th separation via 255 
column chemistry. An extended wash protocol was applied to the columns before 256 
adding the samples, to minimise the blank contribution given the small sample sizes 257 
(between 4 and 9.7 mg CaCO3). The U fraction was collected directly, while the Th 258 














Measurement of U and Th was performed on a Nu Instrument Multi Collector 260 
Inductively Coupled Mass Spectrometer (MC-ICP-MS) at the Department of Earth 261 
Sciences, University of Oxford. U was measured using Faraday cups for 238U, 236U, and 262 
235U, and an ion-counter for 234U, and abundance sensitivity was corrected based on 263 
half-mass dynamic measurements at 236.5, 235.5, 234.5, and 233.5 on the ion-counter. 264 
For the Th measurement, Faraday cups were used for 238U, 235U, and 232Th, and ion-265 
counters for 230Th and 229Th, following the procedure of Mason and Henderson (2010). 266 
Instrumental memory was measured at the beginning and end of the measurement run, 267 
and corrected for. Correction for signal noise was obtained by normalising to the 268 
respective 235U measurement in each step. Abundance sensitivity was corrected by half-269 
mass dynamic measurements at 230.5, 229.5, and 228.5 on the ion-counter. Standard 270 
sample bracketing using CRM-145 for U, and two in-house Th standards allowed 271 
correction for machine biases (ion-counter gains and mass fractionation). All U and Th 272 
isotope ratios are reported as activity ratios in round brackets (e.g., (234U/238U)). 273 
 274 
3.4. Radiocarbon analysis 275 
For stalagmite SOP-20, 14C was measured at the Oxford Radiocarbon Accelerator Unit, 276 
School of Archaeology, University of Oxford. Sample aliquots (~7-8 mg CaCO3) were 277 
dissolved in 85% H3PO4 and the resulting CO2 was collected in flame-sealed glass 278 
ampules (Brock et al., 2010). After determination of their δ13C value on a Europa 279 
Scientific IRMS, the remaining gas was converted to graphite via iron-catalysed 280 
hydrogen reduction before measurement by Accelerator Mass Spectrometry (AMS). 281 
For stalagmites SOP-18 and SB-pk7497, 14C was measured at the Laboratory for Ion 282 
Beam Physics at ETH Zurich, Switzerland, using a Gas Ion Source coupled to a 283 
MICADAS AMS (Fahrni et al., 2013; Synal et al., 2007). Carbonate powders are 284 
converted to CO2 through the addition of 85% H3PO4, and the gas is directly injected 285 
in the ion source of the AMS. This method circumvents the graphitisation step and thus 286 
results in much smaller sample sizes needed (~0.8 mg CaCO3), a great advantage given 287 
the limited sample volumes in this study.  288 
Repeated measurements of standards (Oxalic acid II, NIST SRM 4990C and IAEA C-289 
2 as a carbonate standard for samples run at ETH) and carbonate blanks (IAEA C-1) 290 
ensured quality control of all AMS measurements. The procedural blank was evaluated 291 
through measurements of powders milled from the 14C-dead portion of SOP-20 292 
following the same protocol as the samples. 14C concentrations are reported as F14C 293 
values (‘fraction modern’) according to Reimer et al. (2004).  294 
 295 
4. Results 296 
4.1. Petrography of the transition layers 297 
In both stalagmites from Okhotnichya Cave, SOP-20 and SOP-18, the main growth 298 
phases are characterised by compact columnar calcite fabrics, as shown by previous 299 
XRD measurements (Vaks et al., 2013). Evidence for dissolution/corrosion, secondary 300 
infillings, and some neomorphism (microsparite and/or mosaic fabrics; Frisia, 2015) of 301 
the calcite is apparent in isolated patches in the transition layer in both stalagmites 302 
(Figs. 3 and 4). In SOP-20, the transition layer itself is composed of a succession of 303 
three bands of dark, non-light-transmitting, and very finely laminated material, with 304 
two brief phases of clear calcite growth in-between (Fig. 3). Fluorescence microscopy 305 
reveals that the dark bands in SOP-20 strongly fluoresce in the 488 nm band (an 306 
indication of high organic content; van Beynen et al., 2001). The transition layer in 307 
stalagmite SOP-18 is similarly composed of two dark, non-light-transmitting and 308 
fluorescing layers with an interlaid band of clear calcite. The transition from the 309 
underlying calcite shows evidence for isolated dissolution/corrosion, second-310 
generation infillings, and possibly neomorphism, which is also found at the transition 311 
into the Holocene growth phase (Fig. 4).  312 
Stalagmite SB-pk7497 from Botovskaya Cave is characterised by aragonitic needle 313 
fabric (determined by XRD; Vaks et al., 2013). The transition layer is much less visible 314 
than in SOP-20 and SOP-18, and thin section microscopy reveals only a thin and 315 
irregular layer of dark material (Fig. 5). Interestingly, the interval immediately 316 
preceding the transition layer appears to have been altered, and the primary aragonite 317 
needles have been partially replaced by mosaic fabric calcite. 318 
 319 
Fig. 3: Sampling and petrography of stalagmite SOP-20: A – High-resolution image of 320 
the sampled interval of the stalagmite, with the sampling trench highlighted by the 321 
dashed line. Ages (in boxes) refer to previous high-precision U-Th ages (Vaks et al., 322 
2013) and their depth relative to the sampling trench. The black line, labelled TL, shows 323 
what we define as the transition layer and is also shown in B, C, and D. B, C – Thin 324 
section photographs of the transition layer at 4x magnification. B is under plane 325 
polarised light, C under cross polarised light. Relevant petrographic features are 326 
indicated on the scan (C – columnar calcite, M – micrite). D – Confocal fluorescence 327 
image of the transition layer using combined 405 and 488 nm excitation wavelengths 328 




























Fig. 4: Sampling and petrography of stalagmite SOP-18: A – High-resolution image of 332 
the sampled interval of the stalagmite, with the sampling trench highlighted by the 333 
dashed line. Ages (in boxes) refer to previous high-precision U-Th ages (Vaks et al., 334 
2013) and their depth relative to the sampling trench. TL: transition layer, also in B, C, 335 
and D). B, C – Thin section photographs of the transition layer at 4x magnification. B 336 
is under plane polarised light, C under cross polarised light. Relevant petrographic 337 
features are indicated on the scan (C – columnar calcite, M – micrite). D – Confocal 338 
fluorescence image of the transition layer using combined 405 and 488 nm excitation 339 























Fig 5: Sampling and petrography of stalagmite SB-pk7497: A – High-resolution image 343 
of the sampled interval of the stalagmite, with the sampling trench highlighted by the 344 
dashed line. Ages (in boxes) refer to previous high-precision U-Th ages (Vaks et al., 345 
2013) and their depth relative to the sampling trench. TL: transition layer, also in B, C, 346 
and D). B, C – Thin section photographs of the transition layer at 4x magnification. B 347 
is under plane polarised light, C under cross polarised light. Relevant petrographic 348 
features are indicated on the scan (M – micrite, Ms – microsparite). D – Confocal 349 
fluorescence image of the transition layer using combined 405 and 488 nm excitation 350 

























Fig 6: Schematic to indicate the high-resolution sampling strategy. A – View of the 355 
sampled stalagmite from top, B – Side view of the schematic sampling trench, 356 
identifying the high-resolution sample. 357 
 358 
4.2. Stable isotopes and trace elements 359 
No consistent changes in δ18O values can be observed between the three stalagmites. 360 
SOP-20 and SB-pk7497 δ18O values decrease between the two growth phases (Figs. 7 361 
and 8B, Supplementary table 1), while in SOP-18, the δ18O values slightly increase 362 
(Fig. 8A, Supplementary table 1).  363 
All three stalagmites show an increase in δ13C over the transition layer, but with 364 
differences in the amplitude of the change (Figs. 7 and 8, Supplementary table 1). 365 
 366 
The concentrations of several trace elements strongly increase within the transition 367 
layers. In SOP-20, P, Mn, Cd, Ba, and U increase to several times the mean 368 
concentration observed in the rest of the sample (Fig. 7, Supplementary table 1). The 369 
enrichment in all these elements is expressed as a double peak in the transition layer. 370 
No significant enrichment is found for the elements Mg, Co, Cu, Sr, and Pb. The trends 371 
in trace elements are similar in SOP-18, but with only a single peak (Fig. 8A, 372 
Supplementary table 1). In this stalagmite, the enrichment over the transition layer is 373 
again very clear in P, Mn, Cd, Ba, and U, but additionally also in Cu and Pb. No 374 
significant enrichment is found for Mg, Co, and Sr. In stalagmite SB-pk7497 the 375 
enrichment in trace elements occurs at the beginning of the transition layer, rather than 376 
in the middle, as in SOP-20 and SOP-18 (Fig. 8B, Supplementary table 1). Here, only 377 
Mn, Cu, Cd, and Pb show enrichment, while no trend can be distinguished for the other 378 
elements.  379 
 380 
 381 
Fig 7: Results from geochemical analysis on stalagmite SOP-20. To ease 382 
intercomparison between the stalagmites, the measurement depth is normalised to the 383 
beginning of the transition layer (grey bar), defined as the start of increase in Mn 384 
concentrations. From top: F14C, 234U/238Uini, δ
13C, δ18O, and trace element 385 
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 388 
Fig 8: Results from geochemical analysis on stalagmites SOP-18 (A) and SB-pk7497 389 
(B). To ease intercomparison between the stalagmites, the measurement depth is 390 
normalised to the beginning of the transition layer (grey bar), defined as the start of 391 
increase in Mn concentrations. For both stalagmites, from top: F14C, δ13C, δ18O, and 392 
trace element concentrations (normalised against their average value). 393 
 394 
4.3. U-Th dating of SOP-20 395 
The high-resolution U-Th chronology of the transition layer in SOP-20 reveals an 396 
almost linear decrease in age from 400.0±36.3 (MIS 11) to 10.4±0.2 ka BP (early 397 
Holocene; Fig. 9A). Because of the high 238U and low 232Th content of the stalagmite 398 
(238U: 0.47–5.3 ppm, 232Th: 2.82–180.44 ppb) it was possible to achieve relatively high 399 
precision results despite the small sample size used. Samples from the main growth 400 
phases are in agreement with the previous high-precision dating by Vaks et al. (2013) 401 
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(Figs. 9 and 10). U and Th concentrations show a clear peak within the transition layer 402 
that matches the peak in the other trace elements (Fig. 10A and B). The (232Th/238U) 403 
ratio shows a maximum at the beginning of the transition layer, followed by a second 404 
smaller peak at the end of the layer, before transitioning towards the Holocene value 405 
(Fig. 10C). Initial (234U/238U) ratios ((234U/238U)ini), i.e. decay-corrected (
234U/238U) 406 
values, are very high (2.61 – 3.56, Fig. 10D). A slight decrease in (234U/238U)ini before 407 
the transition layer is followed by a rapid increase within the layer. (234U/238U)ini ratios 408 
continue slightly to increase in the following Holocene growth phase.  409 
 410 
4.4. Radiocarbon 411 
In all three stalagmites, the studied interval covers the transition from a growth phase 412 
that is devoid of 14C (either MIS 11 or MIS 5e depending on sample) to a growth phase 413 
within the 14C range (early Holocene). Prior and at the beginning of the transition layer, 414 
F14C values are close to background levels (F14C~0.01 for all stalagmites), but they are 415 
higher than the procedural blank milled from the base of SOP-20 (F14C = 0.002; Fig. 416 
9B). In SOP-20 and SOP-18, F14C values only start to increase towards the end of the 417 
transition layer. In SB-pk7497, the general trend in F14C is very similar to SOP-20 and 418 
SOP-18, but F14C starts to increase directly at the beginning of the transition layer. The 419 
absolute F14C values in SB-pk7497 are much lower (early Holocene maximum: 0.097) 420 
than for the two stalagmites from Okhotnichya Cave, indicating a larger reservoir effect 421 
(‘dead carbon fraction’). 422 
 423 
 424 
Fig 9: A – High-resolution U-Th chronology of the SOP-20 transition layer (this study, 425 
orange diamonds), compared to the previous high precision U-Th ages (grey squares) 426 
from Vaks et al. (2013). B – Comparison between high-resolution U-Th ages covering 427 
the last 100 ka and 14C ages (green circles) in the transition layer. The 14C age of the 428 
measured IAEA-C1 standard and the procedural stalagmite blank (milled from the base 429 
of SOP-20) are shown for comparison. The pink rectangle indicates where U-Th ages 430 
are younger than 55 ka, i.e., within the 14C range. 14C values above blank levels beyond 431 
this “window” have to be interpreted as resulting from sampling bias, i.e., mixing of 432 
older and younger material or from post-depositional infilling of porous spaces by 433 
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 436 
Fig 10: U and Th isotope measurements in stalagmite SOP-20. The transition layer is 437 
marked by the grey bar, and data is compared to the previous results from high-438 
precision U-Th dating by Vaks et al. (2013; grey squares). Horizontal error bars denote 439 
uncertainty from sampling resolution. Isotope ratios are shown as activity ratios in 440 
round brackets. 441 
 442 
5. Discussion 443 
Permafrost degradation is often characterised by active-layer deepening and abrupt 444 
thermokarst formation, which can occur on the timescale of years (Schuur et al., 2015), 445 
thus requiring a highly sensitive archive that can capture high-frequency changes in 446 
surface biogeochemical cycling. The three stalagmites used in this study responded 447 
rapidly to climatic amelioration with the beginning of the Holocene by resuming their 448 
growth. Thus, it is possible that they also retained some information on permafrost 449 
thawing in the earliest carbonate deposited after the last glacial. The transition layers 450 
stand out as visibly anomalous intervals and reflect a change in the chemical 451 
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composition of the carbonate, which may be related to the overlaying permafrost 452 
deposit.  453 
If the transition layers reflect anomalous early Holocene stalagmite growth related to 454 
increased carbon export from thawing permafrost deposits, we expect a diagnostic 455 
geochemical fingerprint in the carbonate. Increased organic matter concentrations 456 
would manifest in high levels of fluorescence, and in an enrichment in trace elements 457 
involved in the formation of organo-metal complexes in aqueous solutions (e.g., P, Mn, 458 
Cu, Zn, Pb, U; Borsato et al., 2007; Frisia et al., 2012; Hartland et al., 2012; Rutlidge 459 
et al., 2014). Low δ13C values would be expected as a result of a higher proportion of 460 
biogenic carbon transported from the soil and epikarst by the drip water. Further, 461 
depleted 14C values would signal the presence of high amounts of pre-aged organic 462 
matter stored in the permafrost. 463 
 464 
However, alternative mechanisms could have led to the formation of the transition 465 
layers, including: i) chemical/diagenetic alteration (e.g., condensation-corrosion; 466 
Frisia, 2015; Martin-Pérez et al., 2012) of the stalagmite surface during periods of 467 
growth cessation; ii) anomalous growth at the end of the preceding growth phase; or,  468 
iii) episodic and/or very slow growth intervals throughout the period of “growth 469 
cessation”. In the following, we will use the multi-proxy dataset from stalagmites SOP-470 
20, SOP-18, and SB-pk7497 to discern which of these deposition mechanisms is the 471 
most likely scenario in the two caves studied here.  472 
 473 
5.1. Age of the transition layer 474 
The most straightforward method to define the timing of layer deposition is by dating 475 
them. The high-resolution U-Th chronology obtained from SOP-20 shows no 476 
prolonged hiatus between 400.0–10.4 ka BP, which suggests either very slow/episodic 477 
growth throughout most of the interval, or the presence of an artefact stemming from 478 
mixing of two carbonate end-members with very different U and Th isotopic 479 
compositions, i.e., a sampling bias. Because of the irregular surface of the transition 480 
layer in SOP-20 (Fig. 3) and the physical constraints from sampling (milling trench 481 
depth and width), it is very likely that some mixing between old (MIS 11) and young 482 
(Holocene) carbonate occurred. 483 
The importance of mixing can be evaluated through a two end-member mass-balance 484 
using both the U-Th and 14C data (see supplementary material for details). The 14C 485 
content in SOP-20 starts to increase in the last two samples within the transition layer 486 
(Supplementary table 1), and can be used to explore the mixing hypothesis. These 487 
samples have appreciable 14C content, while U-Th ages suggest significantly older ages 488 
than straightforward 14C ages. Using the 14C and U-Th compositions of samples above 489 
and below these two samples as mixing end-members, the fractions of fossil and 490 
Holocene carbon required to give the 14C and U-Th composition of the two samples 491 
can be calculated (see supplementary material for details).  The consistency between 492 
results for 14C, and those for the U-Th system, which have very different half-lives, 493 
then provides an assessment of the likelihood that mixing can explain the observations.  494 
We find that 14C and U-Th ages for the two samples nearest the top of the transition 495 
layer can reasonably be explained by mixing of sample material from above and below, 496 
indicating that mixing on a length scale of tenths of millimetres has probably occurred 497 
during sampling of the transition layer. Because of this, these ages cannot be used as 498 
reliable markers for growth resumption, and this prevents us from being able to further 499 
resolve the timing of permafrost degradation at this location. 500 
 501 
While mixing is probably responsible for the linear decrease in age of the last two 502 
samples in the transition layer (Fig. 9B), we suggest that the long-term decrease in U-503 
Th ages over the entire layer is real. This is because the peaks in 238U, 232Th, and trace 504 
element concentrations within the transition layer (Figs. 7, 10A and B) cannot be 505 
explained with a two end member mixing scenario (Supplementary figure 1). 506 
Consequently, the high-resolution U-Th chronology obtained for the transition layer in 507 
SOP-20 clearly shows that the layer did not grow during the early Holocene. Instead, 508 
the regular decrease in age suggests that very slow or episodic growth between MIS 11 509 
and the early Holocene occurred.  510 
 511 
Mixing between fossil and Holocene carbon sources could also be responsible for the 512 
slightly elevated F14C values at the beginning of the transition layer in SOP-20 (Fig. 513 
9B), as only a very small amount of modern carbon (4-5%) would be needed to explain 514 
these values. However, these samples coincide with the peak in trace elements, 238U, 515 
and 232Th (Figs. 7 and 10B), where mixing is expected to play a minor role. Subsequent 516 
infilling of porous spaces with carbon of early Holocene age after growth resumption 517 
is another possible mechanism that could lead to the observed elevated F14C values, 518 
without affecting the other, in this case less sensitive, geochemical parameters. 519 
 520 
For SOP-18 and SB-pk7497, where no high-resolution U-Th chronology exists, it is 521 
more difficult to determine the timing of carbonate deposition and the role of mixing. 522 
In SOP-18 the patterns in trace element concentrations and F14C are very similar to 523 
SOP-20. Combined with the similarities in the crystal fabrics of the transition layer this 524 
suggests that the formation process of the transition layer in this stalagmite is likely the 525 
same as for SOP-20. In SB-pk7497, on the other hand, the rise in F14C values and the 526 
peak in trace elements occur at the beginning of the transition layer, suggesting that 527 
mixing might play a more important role here. Given that the transition layer in SB-528 
pk7497 also displays strong signs of post-depositional alteration, we refrain from 529 
further interpreting the geochemical signatures in this sample.  530 
 531 
5.2. Textural and elemental evidence for the formation mechanism of the 532 
transition  533 
The transition layers in SOP-20 and SOP-18 are composed of 2-3 dark, non-light-534 
transmitting and strongly fluorescing layers, intercalated with thin bands of clear calcite 535 
(Figs. 3 and 4). Dark and non-light-transmitting material with no clear crystal structure 536 
visible under the microscope can be micritic calcite (crystals ≤2 μm) or organic 537 
material, or a combination of both (Frisia, 2015). The presence of micrite in 538 
speleothems is poorly understood, as its formation requires high supersaturation and/or 539 
availability of large numbers of crystallisation nuclei, or the presence of organic 540 
compounds, and is often bio-mediated (Frisia, 2015; Morse et al., 2003). “Stromatolite-541 
like” micrite fabrics suggesting the presence of microbial mats on the stalagmite surface 542 
(Frisia et al., 2012) have been described in stalagmites from a range of different 543 
environments, e.g., northern Italy (Frisia and Borsato, 2010), the Nullarbor Plain of 544 
southern Australia (Frisia et al., 2012), and a sub-glacier cave in the Swiss Alps 545 
(Luetscher et al., 2011). High fluorescence, indicating elevated concentrations of 546 
organic compounds, is typically observed in conjunction with micrite fabric, and 547 
corroborates the interpretation of microbial processes influencing their formation 548 
(Frisia, 2015). Microscopy shows that the dark material replaces dissolved columnar 549 
fabrics at the end of the preceding growth phase, possibly indicating in-situ production 550 
by cave-dwelling microbial mats, rather than transport into the cave from the epikarst 551 
and host rock (Frisia et al., 2012). Apart from localised neomorphism there is no 552 
evidence for extensive textural changes in SOP-20 and SOP-18, e.g., mosaic or 553 
microsparite fabrics resulting from diagenetic alteration of the entire layer (Bajo et al., 554 
2016; Frisia, 2015; Scholz et al., 2014). In stalagmite SB-pk7497, however, the primary 555 
aragonite has been replaced by mosaic calcite fabrics just before the transition, 556 
suggesting a more prominent role of alteration in the formation of this diagenetic layer.  557 
 558 
Several trace elements (P, Mn, Cu, Cd, Ba, Pb, U) are strongly enriched in the transition 559 
layers of the stalagmites. The transport of elements such as P, Co, Cu, Pb, and U in 560 
aqueous solutions with pH values typical of cave environments (~8) is dominated by 561 
complexation with organic ligands, both in the colloidal and dissolved fractions 562 
(Hartland et al., 2012; Hartland and Zitoun, 2018). These elements could therefore 563 
serve as proxies for surface biological productivity and local karst hydrology (Borsato 564 
et al., 2007; Hartland and Zitoun, 2018; Regattieri et al., 2016; Rutlidge et al., 2014), 565 
and might be particularly sensitive chemical tracers for the mobilisation of permafrost 566 
carbon (Pokrovsky et al., 2011). Speleothem P in particular is often invoked as a 567 
palaeoproductivity and palaeohydrology proxy (Borsato et al., 2007; Huang et al., 568 
2001; Regattieri et al., 2016; Treble et al., 2003), as P is thought to be sourced from the 569 
decay of vegetation, and transported to the cave as soluble hydrolysed phosphate or 570 
complexed with organic colloids during periods of high water flux. However, other 571 
studies have highlighted the occurrence of elevated P concentrations in conjunction 572 
with petrographic features that suggest the presence of microbial mats (i.e., 573 
“stromatolite-like” laminae; Frisia et al., 2012; Jones, 2009). Similarly, Mn deposits in 574 
caves have often been interpreted as the product of microbial participation (Barton and 575 
Northup, 2007; Gázquez et al., 2011; Northup et al., 2003). Mn-rich layers have 576 
previously been described in a stalactite from Botovskaya Cave, where they were 577 
interpreted as formed by microbial processes during periods of warm climate, when the 578 
absence of permafrost and enhanced soil weathering and erosion resulted in a higher 579 
Mn flux to the cave (Pacton et al., 2013). However, the layers found by Pacton et al. 580 
(2013) were asymmetrically distributed on one side of the stalactite and intercalated 581 
with calcite, and thus are very different from the transition layers found in our study, 582 
where the Mn-rich phases are clearly separated from the main growth phases.  583 
 584 
Other formation mechanisms for the transition layers are difficult to reconcile with their 585 
morphology, fluorescent properties, elemental composition, and age. For example, 586 
condensation-corrosion processes through temperature differentials (e.g., from cave 587 
ventilation) can lead to the alteration of speleothem carbonate and the formation of 588 
micrite-like layers (Martín-Pérez et al., 2012; Palmer and Palmer, 2012). These 589 
condensation-corrosion processes, however, cannot adequately explain the 590 
fluorescence and elemental composition of the transition layers in SOP-20 and SOP-591 
18. Moreover, near-freezing temperatures in (sub-)arctic caves limit the transport 592 
distance of moisture, and condensation is only expected near the entrances (Lauriol et 593 
al., 2006) so is unlikely to occur in the deeper passages from where the stalagmites of 594 
this study were collected. Ice deposition, in particular near the entrances, is documented 595 
for Okhotnichya Cave (Bazarova et al., 2014) and Botovskaya Cave. Another potential 596 
mechanism that could lead to increased concentrations of trace elements and organic 597 
matter in karst seepage water is through partial freezing of groundwater during transport 598 
in the subsurface. This cryochemical process leading to increased element and 599 
dissolved organic matter content of the water is well described in polar rivers and lakes 600 
where seasonal freeze-thawing cycles occur (Borysiak et al., 2015; Healy et al., 2006; 601 
Mazurek et al., 2012; Schmidt et al., 1991; Xue et al., 2015). However, such a process 602 
would likely lead to increases in all trace elemental concentrations, which is not what 603 
we observe in the transition layers (Figs. 7 and 8). It is likely that differences in how 604 
elements are dominantly incorporated in speleothem carbonate, i.e., substitution for Ca 605 
in the crystal lattice (Mg, Sr, Ba), or within the colloidal fraction (e.g., P, Mn; Fairchild 606 
and Treble, 2009), play a role in their concentration in the transition layer, as increased 607 
concentrations of the former would require carbonate precipitation upstream of the cave 608 
(‘prior calcite/aragonite precipitation’). At present, we can therefore not exclude this 609 
process to have some influence on the geochemistry of the transition layers in SOP-20 610 
and SOP-18. However, their petrography suggests an important contribution from 611 
microbial processes, and thus it is likely that the enrichment in P, Mn, and other trace 612 
elements reflects in-situ biological productivity from microbial mats, rather than a 613 
surface signal of vegetation productivity, permafrost stability, or cryochemical 614 
processes. While we cannot at this stage definitively link the formation of the transition 615 
layers in SOP-20 and SOP-18 to microbial mediation, the combined evidence from 616 
petrography and geochemistry is compelling. 617 
 618 
5.3. History of growth of the transition layer 619 
Petrographic and geochemical (e.g., chronological) evidence suggests that episodic, 620 
and likely very slow growth occurred in stalagmites SOP-20 (and possibly SOP-18) 621 
between ~400 and ~10 ka BP (Fig. 9A). Although our dataset is not sufficiently highly 622 
resolved to unequivocally attribute a time frame to these growth episodes, it is probable 623 
that they represent interglacials between MIS 11 and the Holocene (i.e., MIS 9, 7, and 624 
5e). Stalagmite growth did occur in Okhotnichya Cave during all interglacials of the 625 
past 500 ka, but MIS 11 appears to have been a particularly warm and prolonged 626 
interglacial in this region, causing widespread permafrost thaw up to 60°N (Vaks et al., 627 
2013). Evidence for unusual warmth in Siberia during MIS 11 is additionally provided 628 
by high biogenic silica fractions in the sediments of Lake Baikal (Prokopenko et al., 629 
2001) and high spruce content in Lake El’gygytgyn (Melles et al., 2012), which suggest 630 
regional temperatures 4-5°C above present.  631 
With incipient glacial conditions at the end of MIS 11, water percolation into the cave 632 
stopped, allowing microbial mats to grow on the surface of the stalagmites, partially 633 
corroding/dissolving the underlying stalagmite surface. When surface conditions 634 
improved during a subsequent warm phase, this might have allowed for some water 635 
percolation through the epikarst, leading to a brief period of inorganic speleothem 636 
growth, followed again by microbial colonisation when climate deteriorated. Finally, 637 
widespread permafrost degradation occurred with the beginning of the Holocene, and 638 
inorganic growth resumed as the main growth mechanism. It is likely that highly 639 
localised factors are responsible for the absence of growth during MIS 9 and 5e in SOP-640 
20 and SOP-18, primarily the location of the stalagmites in the cave in relation to the 641 
surface and percolation pathways through degrading permafrost, but possibly also non-642 
climatic factors such as local tectonics. Permafrost and snow cover would be more 643 
persistent above caves with northward ground surface exposure, or located in 644 
depressions (e.g., dolines). Permafrost thaw is also unlikely to follow a single front, but 645 
would be modulated by the fracture network in the host rock (Žák et al., 2012), so that 646 
some drip sites might become active while others still remained frozen. Such conditions 647 
could have prevented speleothem growth from starting during MIS 9-5e, but it is 648 
possible that particularly warm periods during these interglacials could have led to 649 
episodic partial degradation of permafrost, and brief periods of inorganic speleothem 650 
growth. Cryogenic cave carbonate deposits may be able to resolve such brief and partial 651 
periods of thaw in more detail, as their formation typically precedes speleothem 652 
formation (Bazarova et al., 2014; Luetscher et al., 2013; Žák et al., 2012). Moreover, 653 
techniques employing ultra high-resolution measurements, e.g., nanoSIMS, 654 
synchrotron radiation, elemental mapping, or μXRF might be more successful at 655 
extracting very high frequency variations that allow more detailed insight into 656 
processes during these “skipped” interglacials, but would be difficult to interpret 657 
without additional chronological control. Finally, it is possible that the delayed 658 
response of deep permafrost containing little carbon played a role in filtering out a 659 
surface geochemical signal of degrading permafrost in the stalagmites. 660 
 661 
6. Conclusions 662 
This study investigated the potential of stalagmites as precisely dated, high-resolution, 663 
and highly localised archives to record processes occurring during permafrost thawing. 664 
We tested a suite of geochemical proxies, supported by U-Th dating and petrographic 665 
analyses, on three stalagmites from Okhotnichya and Botovskaya caves in Siberia. We 666 
find that the transition layers between subsequent interglacial growth phases are 667 
characterised by complex petrography and geochemistry, and possibly reflect very slow 668 
or episodic growth phases during glacials or “skipped” interglacials, interrupted by the 669 
development of microbial mats during periods when abiotic growth stops. This allows 670 
us to considerably refine our understanding of stalagmite growth processes and forcings 671 
in these caves.  672 
Evidence for a geochemical record of permafrost degradation, on the other hand, 673 
remains elusive. This might be related to low sensitivity of the archive in capturing the 674 
chemical signatures of surface processes, especially considering the often very rapid 675 
timescale of permafrost degradation and the typically slow growth rates of stalagmites 676 
in caves at near-freezing conditions. We conclude that it is generally unlikely that 677 
stalagmites will be able to provide more detailed answers to processes related to 678 
permafrost degradation.  679 
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